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Effect of phonon coupling on the generated entangled states of photons from a single
quantum dot embedded inside a microcavity
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School of Basic Sciences, Indian Institute of Technology Mandi, Kamand, H.P. 175005, India
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We discuss generation of two types of entangled state of two photons– noon state which is entan-
gled in number and polarization, and polarization entangled state which is entangled in polarization
and frequency. We consider a single quantum dot coupled with a bimodal cavity in strong coupling
regime. We analyze the effect of exciton-phonon coupling on concurrence of the generated entangled
states. We find that for both states concurrence is maximum in the absence of anisotropic energy gap
between exciton states and remains unchanged in the presence of exciton-phonon coupling. However
for finite anisotropic energy gap concurrence decreases on increasing temperature of phonon bath.
PACS numbers: 03.65.Ud, 03.67.Mn, 42.50.Dv
I. INTRODUCTION
A source of entangled photons is an essential build-
ing block of quantum technologies such as quan-
tum metrology1,2, quantum lithography3,4, quantum
imaging5 and quantum information processing6. The
photons employed in these experiments are entangled in
two degrees of freedom and are undistinguishable other-
wise, for example entangled state in number and polariza-
tion such as noon state |ψnoon〉 = 1√2 (|nx, 0y〉+ |0x, ny〉),
where the subscripts x, y are corresponding to two or-
thogonal polarizations and n, 0 represent number of pho-
tons in the corresponding mode. Noon states have been
found particularly successful for achieving uncertainty
limited high resolution in quantum metrology and quan-
tum lithography1,2. Another most widely used state is
entangled in polarization and frequency, called polar-
ization entangled state, such as |ψpol〉 = 1√2 (|x1, x2〉 +
|y1, y2〉), where subscript 1, 2 are corresponding to two
frequencies ω1, ω2 and x, y are two orthogonal polariza-
tions. In most of the experiments to date the noon states
and polarization entangled states are generated by the
parametric down conversion(PDC)5,7,8. The rate of gen-
eration of entangled photons from such sources is very low
and probabilistic. However, in quantum technologies9 a
scalable on demand source of entangled photons is de-
sirable. Recently, the quantum dots have been recog-
nized as a potential candidate for realizing solid state
sources of single photons10 and polarization entangled
photons11–14. In quantum dots, the cascaded decay of
biexciton state to ground state via two exciton states
having angular momenta ±1, generate the polarization
entangled photon state. However, the anisotropic energy
gap between two exciton states in quantum dots breaks
the indistinguishability between emitted x-polarized and
y-polarized photon pairs as a result the entanglement
between generated photon pairs is washed out. There-
fore, for on chip realization of entangled photons using
QD, it is essential to minimize the anisotropic energy
gap. Several techniques have been employed to minimize
the anisotropic energy gap in QDs, for example, by ap-
plying external electric field15,16 or magnetic field17,18,
by applying a proper combination of stress and electric
field19–21, and using thermal annealing22. In order to
enhance the collection efficiency it is desirable to couple
QD with cavity. However, due to large biexciton binding
energy, it is difficult to couple biexciton to exciton and
exciton to ground state transitions with the same cav-
ity mode resonantly. There have been some interesting
experiments to minimize or even making binding energy
positive by using lateral electric field and by controlled
fabrication23,24.
As the QDs are solid state materials, the interaction
of excitons with phonons in the QD-cavity system is in-
evitable. The exciton-phonon interaction leads to de-
phasing processes25–28 which can destroy the entangle-
ment between the generated photon pairs. It has also
been found that interaction with phonons can enhance far
off-resonant transitions, leading to cavity mode feeding.
In recent years, various experiments have been performed
in QD-cavity systems using incoherent29–31 and coherent
excitation32–34 and recording photoluminescence spectra.
It has been observed that in coherent excitation, contrary
to incoherent excitations29, various dephasing phenom-
ena such as coupling with multi-excitons and charged ex-
citons do not influence the exciton-cavity dynamics and
only the effects of exciton-phonon coupling are signifi-
cant. The exciton-phonon coupling mainly leads to pure
dephasing and off-resonant cavity mode coupling. How-
ever, it has been shown that pure dephasing does not
affect entanglement seriously as long as ’which path in-
formation’ does not get imprinted on phonon bath25. The
effect of pure dephasing can also be minimized by increas-
ing the cavity decay rate under strong coupling between
QD and cavity. On the other hand, a significantly dif-
ferent nature of QD-cavity coupling has been observed
in Mollow triplets from off resonant QDs due to phonon
induced off-resonant cavity coupling. Recently, Majum-
dar et al.35 have also observed that phonon induced off-
resonant cavity coupling could be strong enough to trans-
fer excitation between a resonantly driven QD and a
off-resonant QD placed inside the same cavity. In this
paper, we discuss two different conditions for generat-
2ing two photon noon state and polarization entangled
state using QD-cavity system and analyze the effect of
exciton-phonon coupling on concurrence of the generated
states. We extend recently developed master equation
formalism36, which has been successfully used in analyz-
ing data of recent experiments.
II. THEORY
FIG. 1: (Color online) The energy level diagram of coupled
quantum dot-cavity system for generating two photon noon
state and polarization entangled state. The biexciton state
|u〉 to exciton state |x〉 (|y〉) and exciton state |x〉 (|y〉) to
ground state |g〉 transitions are coupled with x-polarized (y-
polarized) cavity mode.
We consider a single quantum dot embedded in a pho-
tonic crystal microcavity. The quantum dot consist of a
ground state |g〉, the exciton energy levels |x〉, |y〉 and
a biexciton energy level |u〉 as shown in Fig.1. The
anisotropic energy gap between the exciton energy levels
is given by δ = ωx − ωy, where ωx and ωy are the fre-
quencies corresponding to the exciton states |x〉 and |y〉,
respectively. The cavity has two orthogonally polarized
modes of frequencies ωxc and ω
y
c , respectively. The x-
polarized mode is coupled to the |u〉 to |x〉 transition with
coupling constant gx2 and the |x〉 to |g〉 transition with
coupling constant gx1 . Similarly the y-polarized mode is
coupled to the |u〉 to |y〉 transition with coupling constant
gy2 and the |y〉 to |g〉 transition with coupling constant gy1 .
The hamiltonian of the system in rotating frame with fre-
quency ω0 = (ωx + ωy)/2, is given by,
H = −h¯∆xx|u〉〈u|+ h¯ δ
2
(|x〉〈x| − |y〉〈y|)
−h¯
(
∆x1 −
δ
2
)
a†xax − h¯
(
∆y1 +
δ
2
)
a†yay
+h¯gx1 (|x〉〈g|ax + a†x|g〉〈x|) + h¯gx2 (|u〉〈x|ax + a†x|u〉〈x|)
+h¯gy1 (|y〉〈g|ay + a†y|g〉〈y|) + h¯gy2 (|u〉〈y|ay + a†y|y〉〈u|)
+HQD−Ph, (1)
Where h¯∆xx = h¯(ωx + ωy − ωu) is the biexciton binding
energy corresponding to biexciton frequency ωu, ∆
x
1 =
ωx − ωxc , ∆x2 = ωu − ωx − ωxc are the detunings from the
x-polarized cavity mode, for exciton |x〉 to ground state
|g〉 transition, the biexciton |u〉 to exciton |x〉 transition,
and ∆y1 = ωy − ωyc , ∆y2 = ωu − ωy − ωyc are the detun-
ings from the y-polarized cavity mode for exciton |y〉 to
ground state |g〉 , the biexciton |u〉 to exciton |y〉 tran-
sition, respectively. The cavity field operators are given
by ax, ay. The interaction of phonon bath with QD is
given by
HQD−ph = h¯
∑
k
ωkb
†
kbk + h¯
∑
α=x,y,u
|α〉〈α|
∑
k
λαk (b
†
k + bk),(2)
where bk (b
†
k) are annihilation (creation) operator for k-
th phonon mode of frequency ωk, and λ
α
k is the cou-
pling of k-th phonon mode with exciton state |α〉 for
α = x, y, u. For typical self assembled QDs the deforma-
tion potential coupling to longitudinal acoustic phonon
is only significant. The coupling with transverse acous-
tic phonons and optical phonons do not couple signif-
icantly in InGaAs/GaAs self assembled QDs considered
in this work40. The QDs have large biexciton binding en-
ergy, therefore same cavity mode can not couple both the
biexciton to exciton and exciton to ground state transi-
tions resonantly. It has been noticed that for far off-
resonantly coupled QD-cavity systems phonon interac-
tion plays significant role and the phenomenon such as
off-resonant cavity mode feeding and dephasing signifi-
cantly alter the dynamics of the system. Therefore one
can expect significant effect of phonon coupling on entan-
gled states generated through biexciton decay. We are in-
terested in coupled QD-cavity system which is described
by reduced density matrix after tracing over phonon
modes. The dynamics of the reduced density matrix is
given by master equation derived using polaron trans-
formed Hamiltonian to include phonon interaction of all
order. We perform polaron transform H ′ = eSHe−S,
where S =
∑
α=x,y,u |α〉〈α|
∑
k λ
α
k (b
†
k − bk). The po-
laron transformed Hamiltonian can be rearranged as
H ′ = Hs +Hb +Hsb, with
Hs = −h¯∆xx|u〉〈u|+ h¯ δ
2
(|x〉〈x| − |y〉〈y|)
−h¯
(
∆x1 −
δ
2
)
a†xax − h¯
(
∆y1 +
δ
2
)
a†yay + h¯〈B〉Xg (3)
Hb = h¯
∑
k
ωkb
†
kbk (4)
Hsb = ζgXg + ζuXu, (5)
where 〈B〉 = 〈B−〉 = 〈B+〉 with phonon dis-
placement operator B± = exp
[
±∑k λkωk (bk − b†k)
]
,
Xg =
∑
α=x,y(g
α
1 |α〉〈g|aα + gα2 |u〉〈α|aα) + H.c., Xu =∑
α=x,y(ig
α
1 |α〉〈g|aα + igα2 |u〉〈α|aα) + H.c. are the QD-
cavity interaction terms and ζg = (B+ + B−)/2 − 〈B〉,
ζu = −i(B+ − B−)/2 are phonon fluctuation operators.
3The phonon induced frequency shifts in exciton and biex-
citon are absorbed in the detunings. The master equation
for reduced density matrix of QD-cavity coupled system
is derived using Born-Markov approximation and phonon
bath correlations in continuum limit using spectral den-
sity J(ω) = αpω
3 exp[− ω2
2ω2
b
], where αp is exciton phonon
coupling and ωb is the phonon cutoff frequency. In our
simulations we use αp = 1.42× 10−3gx21 and ωb = 10gx1 ,
which gives 〈B〉 = 1.0, 0.90, 0.84, and 0.73 for T = 0K,
5K, 10K, and 20K, respectively. To include the spon-
taneous decay, cavity mode leakage and pure dephash-
ing we add corresponding terms using Lindblad operator
L[µ]ρ = µ†µρ− 2µρµ† + ρµ†µ. The master equation for
the coupled QD-cavity system is given by36
∂ρ
∂t
= − i
h¯
[Hs, ρ]− κx
2
L[ax]ρ− κy
2
L[ay]ρ− γ1
2
L[|g〉〈x|]ρ
−γ1
2
L[|g〉〈y|]ρ− γ2
2
L[|x〉〈u|]ρ− γ2
2
L[|y〉〈u|]ρ
−γd
2
L[|x〉〈x|]ρ − γd
2
L[|y〉〈y|]ρ− γdL[|u〉〈u|]ρ
− 1
h¯2
∫ ∞
0
dτ
∑
m=g,u
(
Gm(τ)[Xm, e
−iHsτ/h¯XmeiHsτ/h¯ρ] +H.c.
)
(6)
where γ1 and 2γ2 are the spontaneous decay rate
of exciton and biexciton states, κx and κy are the
decay rate of x and y polarized cavity modes re-
spectively, γd is the pure dephasing rate. The
phonon bath correlations are given by Gg(τ) =
〈B〉2[coshφ(τ) − 1] and Gu(τ) = 〈B〉2 sinhφ(τ) with
φ(τ) =
∫∞
0
dω J(ω)ω2 [coth(
h¯ω
2KBT
) cosωt− i sinωt]. The dy-
namics of the system is simulated by integrating master
equation (6) using quantum optics toolbox37. Here we
mention that there have been other exciton-phonon cou-
pling models which have been used particularly for ex-
ternally driven QDs. For example correlation expansion
approximation method38 and exact method using path
integral approach39 have been developed. However, for
the parameters used in this paper all such methods lead
to same results. Therefore using convolutionless polaron
master equation for numerical simulations in this work is
well justified.
Recently Gla¨ssl et al40 have shown that for realistic
parameters high fidelity robust generation of biexciton
state preparation is possible due to phonon assisted off-
resonant transition. In their proposal they applied a lin-
early polarized pulse of duration 15ps applied resonantly
between exciton and ground state which makes biexci-
ton to exciton transition detuned by the biexciton bind-
ing energy. They have found that for biexciton bind-
ing energy range 0.5Mev - 2.0Mev and sufficiently large
pulse areas almost perfect biexciton state generation with
probability close to 1 is possible. Further the process is
facilitated by exciton-phonon coupling the generation be-
comes faster on increasing temperature. In the following
sections we consider initially QD is prepared in biexciton
state which decays to ground state by emitting two pho-
tons through two orthogonally polarized cavity modes.
III. GENERATION OF TWO PHOTON NOON
STATE
For generating two-photon noon state, |ψnoon〉 ∼
1√
2
(|2x, 0y〉+ |0x, 2y〉), which is entangled in number and
polarization degrees of freedom, we choose frequencies
of cavity modes ωxc = ω
y
c = ωu/2. The x-polarized
cavity mode satisfies the two photon resonance con-
dition, ∆x1 + ∆
x
2 = 0 and similarly the y-polarized
cavity mode satisfies the two photon resonance con-
dition ∆y1 + ∆
y
2 = 0. Because of large biexciton
binding energy in QDs, |∆x1 | >> gx1 , |∆x2 | >> gx2 and
|∆y1 | >> gy1 , |∆y2 | >> gy2 , therefore single photon tran-
sitions are significantly inhibited. Further, we consider
that the interaction between QD and cavity modes is in
strong coupling regime i.e. (κx ≪ gx1 , gx2 , κy ≪ gy1 , gy2 ).
Under these conditions the biexciton in QD decays via
two paths by creating a photon pair either in x-polarized
cavity mode or in y-polarized cavity mode. In first
decay path, the state |u, 0x, 0y〉 decays to |g, 2x, 0y〉 via
|x, 1x, 0y〉 and in second decay path |u, 0x, 0y〉 decays
to |g, 0x, 2y〉 via |y, 0x, 1y〉. In the presence of leakage
from cavity modes, the intermediate states |x, 1x, 0y〉
and |y, 0x, 1y〉 decay to |x, 0x, 0y〉 and |y, 0x, 0y〉 through
single photon emission. Similarly, due to spontaneous de-
cay, biexciton state |u, 0x, 0y〉 decays to states |x, 0x, 0y〉
or |y, 0x, 0y〉, thus reducing the two-photon transitions
and enhancing single photon transitions. Therefore,
it is desirable to work under strong coupling regime.
Using master equation (6), we simulate the evolution
of the system. We consider initial state of the coupled
QD-cavity system as |u, 0x, 0y〉, i.e. QD is in biexciton
state and there are no photons in the cavity modes.
In Fig.2, we plot population in the biexciton state
〈u, 0x, 0y|ρ|u, 0x, 0y〉, population in the ground state,
〈g, 0x, 0y|ρ|g, 0x, 0y〉 and the probabilities of single pho-
ton emission, P x1 (t) = κx
∫ t
0 dt
′〈x, 1x, 0y|ρ(t′)|x, 1x, 0y〉
from the state |x, 1x, 0y〉, P y1 (t) =
κy
∫ t
0 dt
′〈y, 0x, 1y|ρ(t′)|y, 0x, 1y〉 from the state |y, 0x, 1y〉,
P x2 (t) = κx
∫ t
0
dt′〈g, 1x, 0y|ρ(t′)|g, 1x, 0y〉 from the state
|g, 1x, 0y〉, P y2 (t) = κy
∫ t
0
dt′〈g, 0x, 1y|ρ(t′)|g, 0x, 1y〉
from the state |g, 0x, 1y〉 and probabilities of
single photon emission from two-photon states
P x3 (t) = 2κx
∫ t
0 dt
′〈g, 2x, 0y|ρ(t′)|g, 2x, 0y〉 from the state
|g, 2x, 0y〉, P y3 (t) = 2κy
∫ t
0 dt
′〈g, 0x, 2y|ρ(t′)|g, 0x, 2y〉
from the state |g, 0x, 2y〉. The detuning for x-polarized
cavity mode ∆x1 = −∆x2 = ωx − ωu/2 and detuning for
y-polarized cavity mode ∆y1 = −∆y2 = ωy − ωu/2, thus
∆x1 > ∆
y
1 for positive δx. The two-photon coupling for
y-polarized transitions 2gy1g
y
2/∆
y
1 is greater than two-
photon coupling for x-polarized transition 2gx1g
x
2/∆
x
1
41.
Therefore the single photon emission probability from
two-photon state P y3 is larger than P
x
3 , in long time
limit. For small spontaneous decays the probability of
biexciton decay through two-photon transition remains
more than 0.9. For subplots Fig.2 (a), (b), (c) and
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FIG. 2: (Color online) The population in state |u, 0x, 0y〉
(black solid line), the population in state |g, 0x, 0y〉 (black
dashed line), the emission probability P x1 (green line) from
state |x, 1x, 0y〉, the emission probability P
y
1
(yellow line) from
state |y, 0x, 1y〉, the emission probability P
x
2 (red line) from
state |g, 1x, 0y〉, the emission probability P
y
2
(magenta line)
from the state |g, 0x, 1y〉, the emission probability P
x
3 (blue
line) from the state |g, 2x, 0y〉 and the emission probability
P y
3
(cyan line) from the state |g, 0x, 2y〉. The simulations are
performed using parameters gx1 = g
x
2 = g
y
1
= gy
2
, biexciton
binding energy ∆xx = 10g
x
1 , anisotropic energy gap δ = g
x
1 ,
∆x1 = (∆xx + δ)/2, ∆
y
1
= (∆xx − δ)/2, κx = κy = 0.4g
x
1 ,
γ1 = γ2 = γd = 0.01g
x
1 . The phonon bath temperature is
for subplots (a) T = 0K, (b) T = 5K, (c) T = 10K and (d)
T = 20K.
(d), we consider exciton coupling with phonon bath
at temperature 0K, 5K, 10K, and 20K, respectively.
When the temperature of phonon bath is raised phonon
assisted off-resonant single photon transitions through
biexciton cascaded decay are enhanced, and two-photon
transitions are reduced. As a result the probabilities
P x1 (t)(green line) and P
y
1 (t)(yellow line) increase and
the probabilities P x3 (t)(blue line) and P
y
3 (t)(cyan line)
decrease. The probability of photon emission from
states |g, 1x, 0y〉 (|g, 0x, 1y〉), satisfy P x2 ≈ P x1 + P x3
(P y2 ≈ P y1 + P y3 ). The population in state |g, 1x, 0y〉
(|g, 0x, 1y〉) comes after one photon is leaked from state
|g, 2x, 0y〉 (|g, 0x, 2y〉), and also when state |x, 0x, 0y〉
(|y, 0x, 0y〉) decays to |g, 1x, 0y〉 (|g, 0x, 1y〉) through
single photon emission in cavity mode.
We calculate the spectrum of emitted photons from the
x and y polarized cavity modes which is given by,
Sx,y(ω) =
∫ ∞
0
dt
∫ ∞
0
dτ〈a†x,y(t)ax,y(t+ τ)〉eiωτ . (7)
The two time correlation 〈a†x,y(t)ax,y(t + τ)〉 is calcu-
lated using the quantum regression theorem. In Fig.3, we
present spectrum of photons emitted from cavity modes.
The x-polarized and y-polarized photons show three peak
spectrum. In the spectrum of x-polarized photons, exci-
ton like peaks corresponding to single photon transition
occur at ω − ω0 ≈ δ/2 and ω − ω0 ≈ −∆xx − δ/2. Sim-
ilarly in the spectrum of y-polarized photons there are
exciton like peaks corresponding to ω − ω0 ≈ −δ/2 and
ω − ω0 ≈ −∆xx + δ/2. The central broad peaks in x-
polarized and y-polarized at ω−ω0 ≈ −∆xx/2, are corre-
sponding to emission from |g, 2x, 0y〉 and |g, 0x, 2y〉 gener-
ated from resonant two-photon transition. The two pho-
ton peaks in the spectrum of x-polarized and y-polarized
photons overlap perfectly which makes emitted photons
indistinguishable in frequency. In subplots Fig.3 (a), (b),
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FIG. 3: (Color online) The spectrum of the photons emitted
from x-polarized (black solid line) and y-polarized (red dashed
line) cavity modes using same parameters as in Fig.2. The
frequencies of cavity modes are corresponding to ωxc − ω0 =
ωyc − ω0 = −∆xx/2.
(c) and (d), when temperature is raised, the phonon as-
sisted single photon transitions are enhanced? . As a
result the single photon transitions in biexciton-exciton
cascaded decay also occur around frequencies of the cav-
ity modes. Therefore emission around exciton-like peaks
decreases and the emission around cavity mode frequen-
cies increases progressively. It has been observed that
for negative detuning the higher energy polariton state
dominates in emission and for positive detuning lower en-
ergy polariton state dominates42. In our scheme for both
x-polarized and y-polarized cavity modes, biexciton to
exciton transitions are negatively detuned therefore the
higher energy polariton states around cavity modes dom-
inate in emission spectra. Similarly, exciton states to
ground state transitions are positively detuned therefore
the lower polariton states around cavity modes dominate.
In this case, as we discussed earlier initially the QD
is prepared in the biexciton state which decays radia-
tively through resonant two-photon transitions via exci-
ton states |x〉 or |y〉 and relaxes in ground state |g〉 after
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FIG. 4: (Color online) In (a), the two time integrated concur-
rence C¯noon defined as Eq.(9) for the state of photons emitted
through two-photon resonant transitions at different temper-
atures using parameters same as in Fig.2. In (b), the single
time integrated concurrence C(τ ) defined by Eq.(10).
emitting two photons in the entangled state,
|ψ(t)〉noon = α1(t)|2x, 0y〉+ β1(t)|0x, 2y〉, (8)
where α1(t) and β1(t) are amplitudes corresponding to
the generation of x-polarized and y-polarized photon
pair. To reconstruct the density matrix of photon pair
emitted from the cavity modes, coincidence measure-
ments are performed. The photon coincidence mea-
surements are given by two time correlation functions
G2ij(t, τ) = 〈a†i (t)a†i (t + τ)aj(t + τ)aj(t)〉, where t, τ are
time of arrival of first photon at detector, delay time
for second photon and i, j are polarization of photons.
Due to low collection, photons are detected for all ar-
rival times and delay times. The reconstructed den-
sity matrix elements in polarization basis are given by
ρiijj ∝
∫∞
0
dt
∫∞
0
dτG2ij(t, τ). The time independent con-
currence for generated noon state can be defined as,
C¯ =
2|∫∞0 dτG¯2xy(τ)|
|∫∞
0
dτG¯2xx(τ)| + |
∫∞
0
dτG¯2yy(τ)|
(9)
Where, G¯2xy(τ) =
∫∞
0 〈c†1x(t)c†2x(t+ τ)c2y(t+ τ)c1y(t)〉dt,
G¯2xx(τ) =
∫∞
0
〈c†1x(t)c†2x(t + τ)c2x(t + τ)c1x(t)〉dt and
G¯2yy(τ) =
∫∞
0
〈c†1y(t)c†2y(t + τ)c2y(t + τ)c1y(t)〉dt are the
second order two time correlation functions calculated
with the help of quantum regression theorem. The oper-
ators ciα for i = 1, 2 and α = x, y are defined as c1x =√
2|g, 1x, 0y〉〈g, 2x, 0y|, c2x = |g, 0x, 0y〉〈g, 1x, 0y|, c1y =√
2|g, 0x, 1y〉〈g, 0x, 2y|, and c2y = |g, 0x, 0y〉〈g, 0x, 1y|. In
Fig.4(a), we plot time independent concurrence with
anisotropic energy gap between exciton states δ at dif-
ferent phonon bath temperatures. As we have found in
Fig.2, the presence of positive (negative) anisotropic en-
ergy gap leads to higher probability of y-polarized (x-
polarized) two-photon transition which reduces concur-
rence slightly. Therefore in the absence of phonon bath
interaction at T = 0K, for parameters used in Fig.2
when single photon transitions are small, the maximum
concurrence more than 0.95 is achieved at δ = 0. On
increasing |δ| the concurrence reduces slowly. However
when phonon bath temperature is increased the phonon
induced cavity mode feeding increases which enhances
single photon transitions. Due to difference in frequencies
of phonons absorbed during x-polarized and y-polarized
photon pair emission, the which-path information gets
imprinted on phonon bath which results larger reduction
in concurrence. It has been shown in an earlier work that
concurrence depending on photon arrival time t given the
more accurate value of entanglement between photons43.
However, in order to distinguish between photons gener-
ated through two-photon resonant process and through
cascaded decay, one can detect photons for all arrival
times t but for different delay time τ . The reconstructed
such delay time dependent density matrix elements give
time dependent concurrence43. In Fig.4(b), we plot time
dependent concurrence defined in terms of cavity mode
operators
C(τ) =
2|∫∞
0
〈a†x(t)a†x(t+ τ)ay(t+ τ)ay(t)〉dt|∑
i=x,y
∫∞
0
〈a†i (t)a†i (t+ τ)ai(t+ τ)ai(t)〉dt
(10)
For small values of τ , when photons are generated mainly
from resonant two-photon transitions the concurrence re-
mains large. However for larger values of τ when pho-
tons are generated through cascaded decay concurrence
collapses to smaller values. For finite anisotropic energy
gap δ, x-polarized photon pair and y-polarized photon
pair generated in cascaded decay become distinguishable
which is visible even for T = 0 when phonon interac-
tion are neglected. We have checked that for δ = 0 such
collapse does not appear in concurrence. At higher tem-
perature when phonon assisted transitions take place the
concurrence decreases, as a matter of fact, the phonons
involved in x-polarized photon pair generation and y-
polarized photon generation are distinguishable in fre-
quencies for finite anisotropic energy gap thus revealing
which path information. We notice that the effect of
phonon interaction on concurrence has been discussed in
earlier work46 where photons are generated through reso-
nant two-photon process. However, they have considered
weak coupling with the cavity mode so that probability
for generating two photon state in cavity mode is negligi-
ble. It should be borne in mind that for entangled state
of two photons photons should be distinguishable in two
degrees of freedom.
IV. GENERATION OF POLARIZATION
ENTANGLED PHOTON PAIR
For generating polarization entangled state |ψpol〉 ∼
1√
2
(|x1, x2〉 + |y1, y2〉), we find the conditions when sin-
gle photon transitions through cascaded decay will be
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FIG. 5: (Color online) The population in state |u, 0x, 0y〉
(black solid line), the population in state |g, 0x, 0y〉 (black
dashed line), the emission probability P x1 (green line) from
state |x, 1x, 0y〉, the emission probability P
y
1
(yellow line) from
state |y, 0x, 1y〉, the emission probability P
x
2 (red line) from
state |g, 1x, 0y〉, the emission probability P
y
2
(magenta line)
from the state |g, 0x, 1y〉, the emission probability P
x
3 (blue
line) from the state |g, 2x, 0y〉 and the emission probability
P y
3
(cyan line) from the state |g, 0x, 2y〉. The simulations are
performed using parameters gx1 = g
x
2 = g
y
1
= gy
2
, biexciton
binding energy ∆xx = 5g
x
1 , anisotropic energy gap δ = g
x
1 ,
∆x1 = δ, ∆
y
1
= −δ, κx = κy = g
x
1 , γ1 = γ2 = γd = 0.01g
x
1 .
The phonon bath temperature is for subplots (a) T = 0K, (b)
T = 5K, (c) T = 10K and (d) T = 20K.
dominating and the probability of two-photon transi-
tions becomes negligible. The x-polarized photons are
generated in the cascaded decay of biexciton by follow-
ing single photon transitions |u, 0x, 0y〉 → |x, 1x, 0y〉 and
|x, 0x, 0y〉 → |g, 1x, 0y〉. Similarly, the y-polarized pho-
tons are generated through |u, 0x, 0y〉 → |y, 0x, 1y〉 and
|y, 0x, 0y〉 → |g, 0x, 1y〉 transitions. For maximum en-
tanglement, the photons generated through biexciton to
exciton transitions |u, 0x, 0y〉 → |g, 1x, 0y〉, |u, 0x, 0y〉 →
|y, 0x, 1y〉 should have same frequency and the photons
generated through excitons decay |x, 0x, 0y〉 → |g, 1x, 0y〉,
|y, 0x, 0y〉 → |g, 0x, 1y〉 should also have same frequency.
To match the frequencies we choose ωxc = ωy and ω
y
c =
ωx
44 so that ∆x1 = −∆y1 = δ and ∆x2 = ∆y2 = −∆xx. We
also consider that QD has a moderate value of biexciton
binding energy ∆xx = 5g
x
1 . The biexciton binding has
been manipulated by using electric field and controlled
fabrication23,24. In Fig.5, we plot population in biex-
citon state 〈u, 0x, 0y|ρ|u, 0x, 0y〉, population in ground
state 〈g, 0x, 0y|ρ|g, 0x, 0y〉 and the single photon extrac-
tion probabilities P x1 , P
y
1 , P
x
2 , P
y
2 , P
x
3 , and P
y
3 as de-
fined earlier. For typical parameters used in Fig.5(a) in
long time limit the value of P x1 = P
y
1 ≈ 0.4 which re-
flects that the probability of biexciton cascaded decay
is 0.8. Since biexciton to exciton transitions are highly
detuned ∆x2 = ∆
y
2 > 4g
x
2 , 4g
y
2 the transition rate for
|u, 0x, 0y〉 → |x, 1x, 0y〉 and |u, 0x, 0y〉 → |y, 0x, 1y〉 are
much smaller than cavity decay rates κx, κy. As a re-
sult most of the photons are leaked from states |x, 1x, 0y〉
and |y, 0x, 1y〉. The probability of generating two pho-
ton states |g, 2x, 0y〉 and |g, 0x, 2y〉 is very small. There-
fore, the value of P x2 and P
y
2 remains smaller than 0.1.
Further the populations in |g, 1x, 0y〉 and |g, 0x, 1y〉 come
from the decay of the states |x, 0x, 0y〉, |g, 2x, 0y〉 and
|y, 0x, 1y〉, |g, 0x, 2y〉 respectively, that give P x3 ≈ P x1 +P x2
and P y3 ≈ P y1 +P y2 . In subplots 5(b), 5(c) and 5(d), when
the temperature of phonon bath is increased the phonon
induced off-resonant biexciton to exciton transitions at
cavity mode frequencies are enhanced leading to larger
probabilities of generating two photon states |g, 2x, 0y〉
and |g, 0x, 2y〉. Therefore, at higher temperatures P x1 ,
P y1 decrease and P
x
2 , P
y
2 increase.
−10 −5 0 50
5
10
15
S x
,y
(ω
)
 
 (a)
−10 −5 0 50
5
10
15
 
 
(b)
−10 −5 0 50
5
10
(ω−ω0)/g1
x〈 B〉
S x
,y
(ω
)
 
 
(c)
−10 −5 0 50
5
10
(ω−ω0)/g1
x〈 B〉
 
 
(d)
FIG. 6: (Color online)The spectrum of the photons emitted
from x-polarized (black solid line) and y-polarized (red dashed
line) cavity modes using same parameters as in Fig.5. The
frequencies of cavity modes are ωxc −ω0 = −δ/2, ω
y
c−ω0 = δ/2
In Fig.6, we plot spectrum of the emitted x-polarized
and y-polarized photons calculated using Eq.(7). The
exciton states |x〉 and |y〉 are coupled with the cav-
ity modes under strong coupling regime, as a result
dressed polariton states with energies ω±x = −(∆x1 − δ ±√
∆x21 + 4g
x2
1 )/2 and ω
±
y = −(∆y1 + δ±
√
∆y21 + 4g
y2
1 )/2
are formed. The polariton states for x-polarized photons
and for y-polarized photons become degenerate for ∆x1 =
−∆y1 = δ. There are two peaks in the spectrum of x-
polarized and y-polarized photons corresponding to two
polariton dressed states at ω − ω0 ≈ ±
√
δ2 + 4gx21 /2 =
±
√
δ2 + 4gy21 /2. The biexciton to exciton transitions are
highly detuned gx2 , g
y
2 < ∆
x
2 ,∆
y
2 . Therefore we treat cou-
pling of biexciton state perturbatively45. The spectral
peaks, corresponding to photons generated through biex-
citon state to polariton state transitions, in x-polarized
and y-polarized spectrum occur at ω − ω0 ≈ −(∆xx +
2gx22 /∆xx)−ω±x and ω−ω0 ≈ −(∆xx+2gy22 /∆xx)−ω±y
which are also degenerate. In subplots Fig.6 (b), (c)
and (d), when temperature of the phonon bath is raised
the probability for phonon assisted off-resonant transi-
tions from biexciton state to exciton state (which is a
linear superposition of polariton states) increases. The
phonon assisted biexciton to exciton transitions occur
around frequencies of cavity modes ωxc − ω0 = −δ/2,
7ωyc −ω0 = δ/2. Thus the emission around the frequencies
ω−ω0 ≈ −(∆xx+2gx22 /∆xx)−ω±x and ω−ω0 ≈ −(∆xx+
2gy22 /∆xx) − ω±y reduces and the emission around the
cavity mode frequencies increases. In Fig.7(a) we show
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FIG. 7: (Color online)In (a) time independent concurrence
and in (b) time dependent concurrence for polarization en-
tangled state generated through single photon transitions at
different temperatures, using parameters same as in Fig.5.
time independent concurrence evaluated using Eq.(9)and
c1x = |x, 0x, 0y〉〈x, 1x, 0y|, c1y = |y, 0x, 0y〉〈y, 0x, 1y|,
c2x = |g, 0x, 0y〉〈g, 1x, 0y|, and c2y = |g, 0x, 0y〉〈g, 0x, 1y|.
When there is no phonon interaction (T = 0), the
concurrence decreases on increasing anisotropic energy
gap because the overlapping between the spectrum of x-
polarized and y-polarized photons decreases44,45. When
the temperature of phonon bath is raised the phonon
induced cavity mode feeding start dominating as a re-
sult more and more photons are generated through off-
resonant biexciton to exciton transitions at cavity mode
frequencies, ie. x-polarized photons are generated around
frequency ωxc = ωy and y-polarized photons around fre-
quency ωyc = ωx. For finite anisotropic energy gap these
photons are distinguishable that gives which path infor-
mation. Therefore for finite anisotropic energy gap there
is more reduction in entanglement for the generated state
due to phonon interaction. However, the x-polarized and
y-polarized off-resonant biexciton to exciton transitions
are equally detuned, therefore the phonons created in
bath during x-polarized and y-polarized transitions can
not provide which-path information. In Fig.7(b), we
show time dependent concurrence C(τ) calculated using
Eq.(10). In this case, the photon pair generated through
two-photon transitions to the states |g, 0x, 2y〉, |g, 2x, 0y〉
and the photon pair generated through single photon cas-
caded decay are not differentiable in delay times due to
cavity enhanced exciton decay. We notice that effect of
phonon coupling on concurrence has been discussed by
Heinze et al46 and Cygorek et al43 under strong coupling
and weak coupling regimes. In their proposals two pho-
tons leaked from states |g, 0x, 2y〉, |g, 2x, 0y〉 and two pho-
tons generated through cascaded decay have been consid-
ered together with out difference as polarization entan-
gled state.
V. CONCLUSIONS
We have discussed generation of two types of entangled
state, which are entangled either in frequency and polar-
ization or in number and polarization, in the system of
QD embedded in a bimodal photonic crystal cavity. We
have also discussed experimental conditions for generat-
ing different types of entangled state. The parameters
used in our proposal could be for example gx1 = g
x
2 =
gy1 = g
y
2 = 0.1meV , κx = κy = 0.04meV − 0.1meV
and γ1 = γ2 = γd = 0.001meV which are feasible using
recent technology30,31. For temperature T < 10K and
anisotropic energy gap δ less than cavity dipole coupling
strength, concurrence larger than 0.7, which is required
for violation of Bell’s inequalities47, can be achieved.
We have evaluated the effect of exciton-phonon coupling
at different temperatures using recently developed mas-
ter equation formulations. We have found that when
anisotropic energy gap between exciton states is negli-
gible coupling with phonon bath does not change entan-
glement significantly. However, for finite anisotropic en-
ergy gap which path information is revealed either by
the frequencies of phonons or the frequencies of photons
involved in phonon-assisted off-resonant transitions oc-
curred during generation of photon pairs and the entan-
glement in the generated state is significantly reduced.
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